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ABSTRACT
Because hybrid rocket propellant materials are individually chemically stable prior to mixing within the combustion
chamber, these systems possess well-known safety advantages. Unfortunately, the relative stability of traditional
hybrid propellants also makes hybrid systems difficult to ignite. Hybrid ignition has historically involved one of
three means, 1) pyrotechnic charges, 2) plasma torch, and 3) electric spark plugs with bi-propellant injectors. All of
these methods possess distinct disadvantages. This paper details the development of new concept for hybrid rocket
ignition that circumvents many of the difficulties associated with conventional ignition systems. During a testing
campaign investigating Acrylonitrile Butadiene Styrene (ABS) as a fuel for hybrid rocket systems, it was discovered
that ABS possesses unique electrical breakdown characteristics that facilitate ignition. Strategic application of an
electric field induces an electrostatic arc along the surface of an additively-manufactured ABS fuel section resulting
producing hydrocarbon vapor that seeds combustion. This behavior forms the basis of a novel arc ignition system.
Multiple incremental prototype systems were designed, built, and tested. Minimum conditions for successful
operation were discovered, including minimum ignition pressure, optimal geometry, and electrical power
requirements. Hands-off restart capability was demonstrated repeatedly on a lab-scale system. Paths of inquiry for
future research are outlined.
shot" devices that do not allow a multiple restart
capability. Thus the great potential for multiple re-start
upper stages using hybrid rockets remains largely
unrealized.
Several existing technologies have been
investigated to overcome the ignitibility shortcoming
shortcomings described in the previous paragraph.
These methods include 1) plasma torch, 2) electric
spark plugs with bi-propellant oxidizer and fuel
injectors, 3) pyrophoric ignition fluids, 4) ignition
featuring hypergolic bi-propellants, and 5) catalytic
dissociation of one or more of the hybrid propellants.
Plasma torches are devices for generating a
directed flow of plasma, and have been effectively used
for gas turbine engines and supersonic combustion
ramjets for ground test articles.3 These devices produce
very high output temperatures, but have a low total
mass flow. Achieving a high-total output enthalpy
requires a large input power. Typically, the power
production units (PPU) for these devices are heavy and
not generally amenable to flight applications except an
initial launch vehicle stage where the ignition power
can be provided by a ground based PPU.
Clearly, bi-propellant ignitors are capable of
producing sufficient enthalpy to act as ignition sources
for hybrid propellants; however, the complexity
required by the dual-propellant feed path, and potential
combustion stability issues present significant
operational disadvantages. Bi-propellant ignitors are
difficult to properly tune, and immediate ignition as the
propellants enter the combustion chamber is essential to

INTRODUCTION AND RESEARCH
MOTIVATION
Hybrid rocket motors, in spite of their well-known
safety and handling advantages1, have not seen
widespread commercial use due to several key
drawbacks when compared to solid and bi-propellant
systems in the same thrust class. Primary amongst these
drawbacks are difficulties associated with hybrid motor
ignition systems. Combustion of hybrid propellants
must be initiated by an ignition source that provides
sufficient heat to pyrolize the solid fuel grain at the
head end of the motor, while simultaneously providing
sufficient residual energy to overcome the activation
energy of the propellants. Because of the relative
stability of traditional hybrid rockets propellants, hybrid
systems are notoriously difficult to ignite, and a
substantial enthalpy source is required. A simple, safe,
and convenient hybrid ignition system with multiple
restart capability does not exist.
Deficiencies in the Current State of the Art for Hybrid
Rocket Systems Ignition
Hybrid rockets have traditionally used large, high
output pyrotechnic or “squib” charges to initiate
combustion. Pyrotechnic ignitors are capable of
producing very high-enthalpy outputs, but are
extremely
susceptible
to
the
Hazards
of
Electromagnetic Radiation to Ordnance (HERO)2, and
large pyrotechnic ignitors charges present a significant
operations hazard. Most importantly, for nearly all
applications pyrotechnic ignitors are designed as "one-
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avoid "hard starts." When liquid propellants fail to
ignite within milliseconds after entering the chamber,
excess propellants pool and can produce a detonation
where a large amount of gas is generated very rapidly.
In a worst-case scenario, hard starts can cause the
chamber to rupture catastrophically or at least fatigue
the components to where a re-use is impossible. Ignitor
flame holding stability is also a critical issue.
Pyrophoric
ignition
liquids
fluids
like
Triethylaluminum-Triethylborane (TEA-TEB), and
monopropellants like hydrazine are highly reliable,
produce high output enthalpies, and can be used for
multiple re-starts.4 Their use offers a very simple design
solution and can be used for multiple re-starts. SpaceX
originally considered a torch-ignitor for the Merlin
Engine, but down-selected to TEA-TEB instead
because of the complexity of the torch-ignition design,
and the simplicity of the pyrophoric ignitor.5
Historically, most LOX/RP engines, such as the Saturn
V F-1, have used TEA-TEB as the ignition source.
Unfortunately, like hydrazine, this class of hazardous
propellants presents the extreme disadvantage of being
highly toxic, potentially explosive, and expensive to
work with during ground processing. The use of
pyrophorics defeats the advantages of using safe and
non-toxic hybrid propellants. The hazards introduced
by the use of pyrophoric ignition systems essentially
eliminate a payload using these propellants from
rideshare consideration.
Like pyrophorics, hypergolic propellants allow for
a consistent and reliable ignition enthalpy source, and
have been used for multiple space propulsion systems.6
Unfortunately hypergolic bi-propellant ignition systems
feature both an operations hazard the feed-system
complexity of a bi-propellant system. To date a
hypergolic ignition system has never been seriously
considered for a hybrid rocket. Similar to pyrophorics,
the hypergolic bi-propellants defeat the advantages of
using safe and non-toxic hybrid propellants, and their
use eliminates a payload from rideshare consideration.
Multiple researchers have investigated the catalytic
decomposition of one or more of the hybrid propellant
components to initiate combustion. In particular there
has been significant research into the catalytic
decomposition of nitrous oxide (N2O) to initiate hybrid
rocket combustion.7,8,9 Nitrous oxide is a common
oxidizer used for hybrid rockets, and has the advantages
of being inexpensive, non-toxic, and is classified as
non-explosive by the US. Occupational Safety and
Health Administration (OSHA).10 Studies performed by
the USAF have demonstrated that it is impossible to
force a dissociation reaction of N2O is its liquid form.11
However, in vapor form N2O is capable of producing a
highly energetic decomposition reaction. The
exothermic reaction can produce as much as 1865 kJ of
heat per kilogram of dissociated propellant.
Because N2O has a large dissociation activation
energy (Ea) barrier associated with the decomposition
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reaction, catalytic assistance is required to reduce the
size of the input energy required to initiate thermal
decomposition. Baker12 has reported on the
development of an N2O monopropellant thruster that
uses a rhodium metal catalyst on an alumina substrate,
and when heated to 400 °C allowed appreciable
catalytic decomposition with exhaust gas temperatures
exceeding 1100 oC. The catalyst design achieved 5
restarts before the material was rendered inert.
Degradation was thought to occur by a combination of
active metal loss and structural collapse of the alumina
support due to the high heating loads.
Wilson, et al.13 adapted the design of Ref. 12 to act
as an ignitor for a hybrid motor that used hydroxylterminated polybutadiene (HTPB) and N2O as
propellants. This design used less expensive, premanufactured Ruthenium on alumina pellets as the
catalyst, and required pre heating to more then 400 °C
to initiate decomposition. The decomposed hot gas
products were fed along an alternate flow path to the
motor combustion chamber momentarily before the
main oxidizer valve was opened, and combustion was
successfully initiated. Unfortunately, as with the surrey
tests the hot decomposition gas byproducts quickly
rendered the catalyst material inert, and only two
successful ignitions were achieved.14
Other catalytic materials including barium and
iridium-hexaaluminates15 are being investigated for
N2O decomposition catalysts. These materials
demonstrate the potential for multiple reuses; and
clearly have great potential for satellite applications.
However, because of the slow dissociation rate of N2O
with these materials, significant length catalyst beds
with high volume to cross sectional area ratio (L*) are
required. These high aspect ratio form factors are
incompatible with most small satellite size standards.
Also, significant ignition latency results. A final
disadvantage of using N2O as a pure monopropellant is
the high molecular weight of the products. This high
molecular weight of the combustion products produces
a specific impulse (180 sec) that is significantly lower
than hydrazine (230 sec).
The novel hybrid rocket ignition system to be
presented in this paper overcomes all of the previously
described ignition issues to produce an inexpensive,
multiple-restart system that requires a small input
energy, and uses only non-toxic and non-explosive
propellants. The proposed system, based on the
electrolytic breakdown of materials, offers the
simplicity and reliability of a monopropellant system,
but with the output enthalpy equivalent to the bipropellant ignitor. While primary focus of this proposal
is the development of green propulsion technologies
that provide independent maneuvering, attitude control,
and orbit maintenance capability to nano-scale
spacecraft; when fully developed this cross cutting
technology has applicability to any gas-generation
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system that currently uses hydrazine or peroxide as the
gas generation source.

thermoplastic as a hybrid rocket fuel material. A key
was outcome of this research was the demonstrated
thermodynamic equivalence of ABS to HTPB when
burned with nitrous oxide. In a series of comparison
tests it was discovered that combustion flame
temperature for N2O/ABS is slightly cooler than
N2O/HTPB, but the products of combustion have a
lower molecular weight. Thus ABS achieves specific
impulse (Isp) and characteristic velocity (c*) that are
nearly identical to HTPB.
ABS is a non-crystalline material with an
amorphous structure. As such ABS does not have a true
melting point, but exists in a highly "softened" semifluid state before vaporizing. This fluid state exists over
a wide temperature range that varies from 100 oC to 140
o 20
C. This property makes ABS the material of choice
for a modern form of additive manufacturing known as
Fused Deposition Modeling (FDM). In FDM, a plastic
filament is unwound from a coil and supplies material
to an extrusion nozzle. Exploiting the FDM fabrication
process for ABS offers the potential to revolutionize the
manufacture of hybrid rocket fuel grains. Using FDM
manufacturing, ABS fuel grains can be fabricated with
an almost infinite range of fuel port shapes allowing for
significant enhancement of burn properties and
combustion efficiencies.21 FDM can support high
production rates and offers the potential of improving
hybrid fuel grain quality, consistency, and performance,
while reducing development and production costs.
ABS has a high heat distortion temperature, which
means that fuel grain ports designed into an ABS motor
are unlikely to collapse during operation. Because of
the high structural modulus and yield strength, ABS
could be used as structural material allowing the fuel
grain to take a significant portion of the combustion
chamber pressure load and reduce wall thickness
requirements. Also, ABS resists creep and will retain its
shape over long periods of time, due to the presence of
the styrene monomer. These same structural properties,
as well as the self-insulating nature of ABS, allow for
entire combustion chambers to be made from ABS with
no additional insulation. Table 1presents the structural
properties for both extruded and FDM-processes ABS.

BACKGROUND MATERIAL
When compared to HTPB -- a legacy material
traditionally used as a solid propellant binder and the
most commonly used hybrid rocket fuel grain material - Acrylonitrile Butadiene Styrene (ABS) has several
material properties that make it very attractive as a
hybrid rocket fuel. These properties will be described in
detail in this section. Also, because the high-voltagebreakdown of gases and solid materials is unique to
hybrid rocketry applications, sufficient background will
presented to allow the reader to understand the basic
physics driving the ignition system design features.
ABS as a Hybrid Rocket Propellant
ABS is an inexpensive thermoplastic material that
is widely mass-produced for a variety of noncombustion applications including household plumbing
and structural materials. More than 1.4 billion
kilograms of ABS material were produced by
petrochemical industries world wide in 201016. ABS is
100% recyclable and can be reshaped multiple times
with little or no degradation of the material properties.
The monomers that make up any ABS thermoplastic are
1) acrylonitrile, 2) butadiene, and 3)styrene. The
corresponding chemical structures for these monomers
are17

(1)
18

ABS
is manufactured by co-polymerizing
acrylonitrile and styrene to form styrene-acrylonitrile
(SAN). Butadiene is then dissolved into the SAN to
create ABS. Typical ABS preparations contain 21%27% acrylonitrile, 12%-25% butadiene, and 54%-63%
styrene monomer fractions by mass. Acrylonitrile
improves ABS's overall chemical resistance, butadiene
imparts impact resistance, and styrene supplies good
proccessability and stiffness.
Whitmore, Peterson, and Eilers at Utah State
University19 have recently investigated the use of ABS
Table 1.Mechanical Properties of ABS.
Mechanical Property

Extruded

FDM-Printed

Tensile Strength

41.6 MPa

22 MPa

Tensile Modulus

2,144 MPa

1,627 MPa

Tensile Elongation

5%

6%

Flexural Strength

52-82 MPa

41 MPa

Flexural Modulus

1,538-2882 MPa
1,834 MPa
breakdown property. Although ABS posses a very high
Most importantly, when printed using FDM
electrical impedance and a relatively high dielectric
processing ABS possesses a very unique electrostatic
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strength -- 53.1 kV/mm22 compared to air 3 kV/mm -when additively manufactured as a layered surface,
local surface structures resulting as an artifact of the
manufacturing process concentrate charges along the
deposited material layers when the material is subjected
a high-voltage electrical potential field. These charge
concentrations produce localized electrical arcing
between material layers, allowing the material surface
to break down at voltages significantly lower than
would occur with a monolithically fabricated (extruded)
article. Joule heating from the electrical arc causes a
small amount of material to be vaporized and provides
a fuel source to initiate combustion.
Whitmore, et al at Utah State University
discovered this unusual ABS property serendipitously23
while researching ABS as a conventional hybrid rocket
fuel. It was observed that hydrocarbon vapor from the
ABS was generated in association with the electrical
break- down of the material. Shortly after this
discovery, unsuccessful attempts to reproduce a similar
phenomenon were made with other hybrid fuel
materials including HTPB, acrylic, paraffin, and
extruded ABS.
Figure1 shows the electrostatic arc produced in one
of the early concept assessment tests using FDM
processed ABS. A strong arc was produced on FDMprocessed ABS using a high 500 Volt input with as
little 6 Watts of power -- less than 12 mA of current
draw. The discovery of ABS’ unique electrical
breakdown characteristics prompted the invention of
prototype small thruster system that takes advantage of
the previously described phenomenon. The details of
this design will be presented later in Section IV of this
report.

breakdown has been observed in solids, liquids, and
gases.24
Gaseous electrical breakdown produces a
continuous path of hot plasma that connects two
electrodes -- an electric arc. In the late nineteenth
century Paschen25 first observed that the electrical
potential necessary to produce an arc in a gaseous
medium is a function of the
between the
p ! distance
d
VBpressure
= A ! of the gas,
electrodes and the
ln p ! d + b
.
(1)
In Eq. (1) VB is the breakdown voltage, p is the pressure
of the gaseous medium, d is the distance between the
electrodes, and a and b are constants that are dependent
on the gas composition. Figure 2 plots the curve
generated by Eq. (1) for three common gaseous media
at 298 oK, air, carbon dioxide, and hydrogen. The
minimum "bucket" for the curve occurs when

(

)

p ! d = e1"b .

(2)
For air this minimum value lies at approximately 5.67
Torr-mm, with a minimum breakdown voltage of
approximately 450 V.26
The theory of electrical breakdown in solids is not
nearly as mature as it is for gases. The mechanisms
behind solid breakdown are complex and vary between
material type and duration of voltage application.27
Fortunately, thermal breakdown -- a simple solid
breakdown mechanism -- has particular relevance to the
subject of this report.
All solid dielectrics allow the passage of some
minute amount of current. The passage of current
through a resistive medium generates heat, which is
then transferred throughout the dielectric and eventually
to the environment surrounding the dielectric. This
process is known as "Joule heating." The heat generated
by an electric field of strength E and material
conductivity σ(Τ) is given by (Ref. 24)

Q! Joule = E 2 ! " (T ) ,

where the material conductivity is as a function of
dielectric material temperature. For most materials,
conductivity increases with temperature. If the rate of
heat transfer away from the conductive path is not
sufficient to maintain an equilibrium temperature, a
condition of thermal (and conductive) instability will
follow, thus Joule heating has a self-reinforcing
feedback mechanism.
Application of High Voltage Breakdown to Ignitor
Design
As mentioned previously, the discovery of ABS’
unique electrical breakdown characteristics prompted
the invention of an ignition system that takes advantage
of the previously described phenomenon. Figure 3
illustrates the top-level concept, where two electrodes
are embedded within an ABS fuel grain segment. The
conducting paths terminate in electrodes that are flush

Figure 1. Electrical Gas Breakdown Experiment
with ABS Electrodes.
High Voltage Breakdown of Materials
If sufficiently high voltage is applied across an
insulator, a swift increase in conductivity will result.
This event is referred to as electrical breakdown. The
voltage at which an insulator suffers electrical
breakdown is called the breakdown voltage. Though the
natures of the physical mechanisms vary, electric
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with the combustion port surface and exposed to the
interior of the combustion chamber. The layered
structure of the FDM-processed ABS provides local
surface features of very small radius. As a voltage is
applied across the two electrodes, these surface features
serve to concentrate charge at many discrete points the
material surface.

process of fuel pyrolysis using the breakdown voltage
will be referred to as "hydrocarbon-seeing" through the
remainder of this document.

Figure 3. Arc Ignitor Joule-Heating Concept.
PROOF-OF-CONCEPT ABS ARC-IGNITOR
DEVELOPMENT
This section describes incremental development of
the ABS Arc-Ignitor in a series of proof-of-concept
prototypes. First a description of a small "microhybrid," originally developed as a stand-alone smallspacecraft thruster, is described. This thruster was then
modified to operate as a "strap-on" external ignitor for a
98-mm hybrid motor. The thruster served as a
replacement for pyrotechnic squib-based ignitors.
Finally, the development of an ABS-arc ignitor that
resides within the combustion chamber of the hybrid
motor is presented.

Figure 2. Paschen's Breakdown Voltage Curve Three
Common Gases.
The effect to produce a large ensemble of
"electrodes" with a Pashen's law "d" distance on the
order of fractions of a millimeter. These features allow
electrical breakdown -- and thus electrical arcing -- to
occur at moderate pressure and voltage levels. For
properly designed system geometry the separation
distance, and thus the breakdown voltage between the
metal electrodes is too high to initiate direct metal-tometal arcing; rather arcing occurs along the surface of
the ABS fuel.
Per Eqn. (3), the electric field generated by the arc
produces joule heating, and results in local pyrolysis of
the ABS fuel material along the conduction path. If this
pyrolysis occurs slightly before or concurrently with the
initiation of the oxidizer flow, there now exists in the
combustion chamber a mixture of gaseous reactants and
a source of activation energy (provided by the arc). The
energy release of the initial combustion reaction then
causes pyrolysis along the main fuel grain and rapidly
leads to self-sustaining combustion along the entire port
surface.
Figure 4 shows photographic images of this
phenomenon occurring in a prototype configuration.
Pyrolized hydrocarbons are easily visible in these
images. In this design the flow of oxidizer comes from
"out of the page" and towards the reader. There is no
oxidizer flow present for the images of Figure 4. The
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Arc-Ignition Micro-Hybrid Proof-of-Concept Thruster
Prototype
The proof-of-concept prototype demonstrating the
hydrocarbon-seeding arc-ignition process was built and
tested in the Propulsion Test Laboratory at Utah State
University. In the initial prototype unit the ABS
segment was contained within a polycarbonate shell to
capture and direct the vaporized fuel material. The 2.5
cm diameter ABS-seeding grain for this prototype unit
was fabricated using a Stratasys Dimension® 3-D Fused
Deposition Model (FDM) printer. Figure 5 shows a
seeding fuel grain segment during evaluation testing.
Here the low-amperage current enters the high-voltage
lead, and then conducts along the surface of the ABS
segment before jumping the gap to produce the highvoltage spark. The electrostatic spark and vaporized
fuel material are clearly visible.
Figure 6 shows an exploded view of the prototype
unit. The figure includes a standard AA battery for
scale. The proof-of-concept design used gaseous
oxygen (GOX) as the working fluid, and operated at
860 kPa (125 psia) chamber pressure with an oxidizer
mass flow of approximately 5 g/s. The oxidizer flow
path of Figure 6 is from left to right, and the current
flow is from right to left. The high voltage electrode is
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attached to the downstream side of the ABS grain
segment and drops to ground on the upstream end.
Figure 7 shows the micro-hybrid thruster firing during a
1-second pulse from one of the initial demonstration

tests. The "micro-hybrid" thruster prototype was pulsefired for up to 27 consecutive burns on a single ABS
grain segment.

Figure 4. Electrical Breakdown Arc in ABS Ignitor.
Originally the unit was tested using a commercially
procured “stun gun,” but was eventually replaced by a
precision high-voltage power supply (HVPS).28 The
power supply has a selectable current-limit up to 14.5
mA, and is capable of delivering a maximum of 130
watts at 10,000 VDC. During the proof-of-concept tests,
ignition was achieved with as little as 8-Watts power
input at voltages between 500-800 VDC. A primary
drawback of this system was the high chamber pressure
required for ignition, 690 kPa (100 psia), which resulted
in a significant latency, greater than 1/2 second.

conventional pyrotechnic ignitors. GOX was used as
the oxidizer for the ignitor flow, and the ignitor fuel
grain consisted of FDM-processed ABS.
Figure 8 shows an exploded view of the microhybrid ignitor interface to the 98-mm motor injector
cap. The strap-on system was used ignite the 98-mm
motor multiple consecutive times without hardware
changeover or propellant replenishment. In order to
avoid any issues associated with a potential “hard
start,” the ignitor oxidizer flow valve was opened 500
ms after electrical power was delivered to the ignitor
fuel grain. The ignitor burn was preset to terminate 375
ms after the main oxidizer valve was opened. The main
motor oxidizer flow continued for approximately 21/2
seconds after the ignitor flow was terminated. The
ignitor burn time overlapped main motor ignition by
approximately 200 ms. Combustion latencies from
oxidizer valve opening to full ignition were timed to be
less than 25 msec.
Figure 9 plots time history from the 6 successive
ignition tests. The mean ignitor output mass flow rate
was approximately 3.7 g/s, and this value is compared
with the main motor N2O flow rate of approximately
350 g/s. The required power input to the ignitor started
at less than 10 Watts for the initial burn, and dropped to
2 Watts for the final burn. The total burn input energy
averaged less than 5 joules. The gas byproducts from
the hydrocarbon-seeding process exceeded 2400 C with
a mean output enthalpy rate of nearly 30 kW -- an
output-to-input power ratio of more than three orders
of magnitude! The mean total output energy for each
ignitor burns exceeded 30 kJ.
Admittedly, the ad-hoc ignitor system retrofit
depicted by Figure 8 was a bit cumbersome and
difficult to work with operationally. Establishing a good
pressure seal between the ignitor and the motor cap was

Figure 5. Developmental Ignitor Grain Segment
During Early Evaluation Testing.
Hydrocarbon-Seeded Ignitor Demonstration Tests
The proof-of-concept thruster prototype depicted in
Figure 7 was adapted as a "strap-on" ignitor for a 98mm diameter, 800-N thrust motor configuration that
had been previously fired and characterized using
pyrotechnic ignitors. (Ref. 19) Separate flow paths were
used for the main motor flow and the ignitor flow. The
hybrid motor used N2O as the main flow oxidizer and
both ABS and HTPB fuel grains were burned. The nonpyrotechnic,
multiple-use
arc-ignitor
replaced
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a continuing problem, and as the ignitor grain became
depleted the charge tended to jump towards ground (the
motor case) and not across the provided gap in the ABS
material. In addition to these operational difficulties, a
primary shortcoming to the design was the limited
number of repeat firings allowed by the small amount

of ABS seed material that could be fit on top of the
injector cap. The system did, however, work reliably
and this series of tests marks the first time that a hybrid
motor has been electrostatically ignited using a lowwattage input and a non-pyrotechnic, reusable ignitor.

Figure 6. “Hydrocarbon Seeded” Micro-hybrid Thruster Prototype.

Figure 7. Stand Alone Arc-Ignition "Micro-Hybrid" Thruster Prototype.
chambers are then “plugged into” a main propellant
grain and inserted into the motor tube. Since this motorinternal ignitor system was a "clean slate" design with
limited previous research literature to rely on, a formal
research and development campaign was performed to
assess multiple geometries for the seeding ABS fuel
grain and its interface to the rest of the main motor
systems. This section first describes the test apparatus
that was used to perform the development campaign.

SECOND-GENERATION ARC-IGNITOR
DEVELOPMENT
A second-generation ignitor concept was
developed to overcome the practical shortcomings
associated with the prototype strap-on ignitor design.
Rather than house a small separate ABS fuel grain
mounted on top of the 98-mm motor cap, channels for
conductive paths were built into full-scale additively
manufactured pre-combustion chambers. These
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Next the geometries of the various ignitor ABS grains
are presented, and finally end-to-end results of the test
and development campaign are presented.
Test Apparatus.
To facilitate rapid evaluation of the proposed precombustion chamber geometries, a custom mobile test
stand the Kart for Reactive Monopropellant Testing

(KRMT) was developed. Fig. 10 displays a Piping and
Instrumentation Diagram (P&ID) and a side view of the
KRMT thrust stand. The mobile cart was prepared for
testing in the Propulsion Test Laboratory's development
bay, and then moved to the secure test cell for test
firings.

Figure 8. Micro-Hybrid Arc-Ignitior Interfaced to 98-mm Hybrid Motor Injector Cap.

Figure 9. Typical Ignition Tests Results for Micro-Hybrid Ignitor Prototype.
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Figure 10. KRMT Test Stand for Pre-Combustion Chamber Arc-Ignitor Tests.
The KRMT’s instrumentation and controls suite
was managed via a National Instruments Compact
RIO®
with an 8-slot NI-compact DAQ®
compatible chassis. Modules used for these experiments
included analog in, analog out, TTL command, digital
out (relay), and thermocouple. The data acquisition and
control tasks were run by a Virtual Instrument
programmed in the NI LabVIEW® graphical language
in the RT Scan® programming environment. This
design allowed for a simple and deterministic control
and data acquisition scheme. Figure 11 shows the
KRMT ignitor wiring schematic.
Acquired measurement channels included thrust,
chamber pressure, upstream and downstream coolant
temperatures, ignitor case temperature, venturi
pressures (inlet and throat) for oxidizer mass flow, and
venturi temperature (necessary for determining GOX
density in the venturi). Among the output channels
were a TTL enable signal to activate the HVPS, analog
out (0 − 5 V) to modulate the maximum voltage
delivered by the HVPS, and digital out to fire the GOX
solenoid valve. The GOX supply was contained in a
type-B gas cylinder, downstream of which was a
variable-setting
pressure
-reducing
regulator.
Downstream of the regulator was a custom venturi flow
meter for mass flow rate measurement. Flow in the
GOX line was controlled in a boolean fashion by a
GOX-safe solenoid valve.
Because the primary objective of this test campaign
was to optimize the arc-ignitor fuel grain design using
multiple geometries, it was deemed too costly and time
consuming to manufacture multiple full-scale 98 mm
hybrid fuel grains; thus, as a lowered-cost alternative an
existing 98-mm motor cap previously used for hybrid
motor testing was adapted to fit a into a short 10.2 cm
(4 in.) hybrid motor whose diameter and upstream fuel
port radius exactly matched the full-scale 98-mm
hybrid motor. Although the ignitor section was
composed of ABS, both HTPB and ABS "main" fuel
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grains were tested. Figure 12 shows an exploded view
of this developmental unit dubbed as "Little Joe." The
design was engineered such that nozzle geometries
could be quickly varied to provide a range of internal
chamber pressure conditions. Finally, the GOX injector
feed pressure could be rapidly changed using a
manually adjusted pressure-reducing regulator.
Ignitor-Test Grain Geometries.
Three different ignitor-grain geometries were
evaluated. These configurations were 1) a conical
converging section, 2) a stepped-cylindrical section
with a flow impingement "shelf," and 3) a steppedcylindrical section with two impingement shelves. The
first two geometries were evaluated using a straight
single port injector with a 0.3175 cm (1/8") diameter.
The third (two shelf) geometry was tested using coaxial
injector injector a 0.3175 cm diameter axial port, and
two 0.15875 cm (1/16") side injection ports. Results of
tests on these configurations are discussed ion the
remainder of this section.
Conical Ignitor Grain
Figure 13 depicts the conical grain ignitor section.
This section was the first geometry tested, and its
converging section which accelerated and expanded the
injector oxidizer flow represented a "worst case" design
scenario. The design principle being that "if this section
would ignite -- anything would ignite." The high
tension lead and return path were placed exactly
opposite one another, reducing electric field strength for
a given supply voltage. The 2.54 cm (1 in) port of the
grain was shaped to act as a subsonic nozzle. The flow
through this grain exhibited no recirculation zones and
would be moving relatively swiftly, effectively
decreasing the fuel vapor concentration in the arc
region and slowing reaction kinetics. In Figure 13 the
direction of oxidizer flow is into the plane of the
picture. There is no pre-combustion chamber in this
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direction of oxidizer flow. Before integration on the
thrust stand, the arcing characteristics of the grains
were tested and observed. Both of the printed ABS
grains produced substantial gas breakdown and
hydrocarbon vapor generation, but the breakdown was
not achieved with the machined grain manufactured
from extruded ABS, supporting the earlier hypothesis
that the layered-ridges in the FDM-processed material
served as micro-electrodes, thereby facilitating
electrical breakdown.

design.
Three grains with this geometry were
manufactured: two were FDM-printed and the other
was machined from extruded ABS stock material. One
FDM-processed
ignitor
section
was
printed
"horizontally-stacked," that is, with deposition layers
perpendicular the longitudinal axis of the motor and
direction of oxidizer flow. The second grain was
printed "vertically-stacked," with deposition layers
parallel to the longitudinal axis of the motor and

Figure 11. KRMT Ignitor Wiring Schematic.

Figure 12. Exploded View of the "Little Joe" Ignitor Test Motor.
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After having successfully carried out dozens of
breakdown cycles, the vertically-stacked ignitor grain
ceased to arc. Instrumentation indicated that the HVPS
was still limiting current, indicating a short circuit in
the ignitor grain. When the grain was disassembled and
cut into halves a wire forming the conductive path to
one of the electrodes was found to be broken. The
patterns of heavy char indicate that electrical
breakdown was occurring between the wire and the
aluminum case, rather than along the inner surface of
the oxidizer port. This observation suggests that, at least
for the tested motor cap design, that horizontal-stacking
is the preferred method of manufacture. Figure 14
shows a cross-sectional view of the compromised grain.
The "horizontally-stacked" grain was integrated
inside the "Little Joe" test motor, and evaluated for
ignition properties using 0.3175 cm diameter singleport injector. Initially, a 0.47625 cm (3/16") converging
section conical graphite nozzle was used for the motor
exit. During the initial tests, it was discovered that the
upstream GOX regulator provided insufficient mass
flow to raise the chamber pressure to a critical oxygen
concentration to allow rapid combustion, and the
pyrolized ABS fuel products were simply swept away
before they could ignite.
The system was artificially choked by swapping
the larger nozzle with a 0.15875 cm (1/16 in) nozzle to
raise the chamber pressure to a sufficiently high level
for ignition, and a series of tests were performed for a
range of injector inlet pressures. Figure 15 shows the
chamber pressure, ignitor current, and input power time
histories obtained for this series of tests. In this test
series the ignitor power was switched on 0.5 seconds
before the oxidizer valve opened, and power remained
active for 1 second. Initially, the oxidizer flow to the
motor was maintained for a full second, and flow was
active for 0.5 seconds after power to the ignitor was
ceased. A self-sustaining ignition occurred for all cases
where the chamber pressure exceeded approximately
195 kPa (28 psia) absolute pressure. The initial oxidizer
mass flow was approximately 5 g/s. The unusual
chamber pressure profile shapes are a result of the very
small exit nozzle, which allows the chamber pressure to
rise up to injector pressure gradually "squeezing" off
the oxidizer flow. The relatively weak exhaust plume
shown in Figure 15d shows this "squeezing" effect.
Although initial set of tests used a nonrealistic test
geometry, where the motor nozzle exit area was smaller
than the injector area, to achieve sufficiently high
chamber pressures; the series of tests demonstrated that
the embedded ABS-arc ignitor could successfully ignite
a small hybrid rocket, and that the required power
inputs were exceptionally small. The HVPS was current
limited at 14.25 mA, and the output voltage varied
depending on the impedance of the ignitor grain and the
generated gas plasma. Input voltages for ignition were
less than 450 V for all cases. The drawn power varied
from 6.5 Watts at a maximum to less than 1 watt. The

Figure 13. Conical Ignitor Grain Geometry

Figure 14. Cross Section of Compromised
"Vertically-Stacked" Ignitor Grain.
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mean power input for all tests was approximately 3.1
Watts, consuming less than 1.6 Joules to initiate
combustion. The highly erratic power drawn by the
lower pressure runs is likely a result of the rapidly

changing oxidizer mass flow caused by chamber
pressure squeezing effect described in the previous
paragraph.

Figure 15. Conical Ignitor Grain Test Results.

Figure 16. Single-Shelf Ignitor Grain.
distance between the electrodes was reduced, thereby
increasing electric field strength. Figure 16 presents a
schematic of the test geometry and an image of the
ignitor grain after the test series was completed. The
electrodes themselves were housed at the root of a
“shelf” feature in an effort to cause flow stagnation and
increase local pressure and oxygen concentration in the

Single-Shelf Ignitor Grain
Taking lessons from the tests of the conical ignitor
grain, another round of ignitor grains were
manufactured. The new design was based on a more
traditional pre-combustion chamber geometry. The
conductive path was significantly changed such that the
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vicinity of the arc. This series of tests featured a more
realistic motor exit nozzle where the small 0.15875 cm
nozzle was replaced by a 0.47625 cm converging
conical nozzle. The nozzle throat area was now 2.25
times larger than the injector area. ince the purpose of
this experimental campaign was to evaluate ignition
properties only, the exit plane nozzle did not have a
divergent section. After the electrode wires were
installed, the gap in the ABS grain that allowed for
ignitor wire insertion was filled with an additively
manufactured "plug" held in place by industrial-grade
ABS plastic cement.
As can be seen in Figure 16, the ignitor section
remained largely intact after the series of 5 consecutive
burns was completed. As before, the series of ignition
tests was performed for a range of initial chamber
pressures. Figure 17 shows the resulting chamber
pressure and ignitor time histories, and Figure 18 shows
the power input to the ignitor. Figure 18 also shows an
image of the motor firing. Unlike the conical ignitor
grain, the pre-combustion chamber slows the oxidizer

flow entering the chamber, and allows more time for
the pyrolized fuel to react with the incoming oxidizer
flow. Once combustion occurs a quasi-steady flow
condition is reached. As shown by the image of Figure
18b, when compared to the burns with the conical
injector grain, the propellants burn much more robustly
with a well-defined plume.
The chamber pressure time histories show two
interesting features, 1) as with the previous tests, selfsustaining combustion does not occur until the chamber
pressure reaches approximately 193 kPa (28 psi); and 2)
for the runs that achieve self-sustaining combustion,
there is a latency after the oxidizer valve is opened and
before full ignition occurs. This latency drops as the
chamber pressure increases. These observations suggest
a limiting oxygen concentration for this reaction. Also,
since the latency diminishes at higher pressures, it is
likely that chemical kinetics are a significant driver in
the combustion process. The required power input to
initiate combustion, less than 3.5 watts, is also
significantly smaller than for the previous trials.
Two-Shelf Ignitor Grain

As mentioned in the introduction to this
section, the final grain tested featured a "2shelf" design with a coaxial injector with a
0.3175 cm diameter axial port, and two
0.15875 cm (1/16") side injection ports. This
design directs 75% of the oxidizer flow down
stream into the combustion chamber and 25%
of the flow onto the impingement shelves.
These improvements were intended to shorten
the combustion latency shown by Figure 17.
Figure 19 shows this grain design. The coaxial injector is designed to allow direct
impingement of the oxidizer flow directly
onto the electrodes. The stagnation pressure of
the impinging stream concentrates local
oxygen levels, and the impinging flow stream
also to will generate better mixing of the
oxidizer with the pyrolized fuel components.
Figure 20 compares the representative
test results obtained for the two-shelf ignitor
grain configuration against the single-shelf
design. The presented time histories have
been low-pass filtered to allow for better timeresponse comparisons. Here the thrust,
chamber pressure, ignition current, and power
drawn for 1 and 2-second burns of the twoshelf ignitor grain are compared to the same
test conditions for the single-shelf ignitor
grain. Since the outlet area of the co-axial
injector is approximately 1.5 times larger than
the injector of the previous configuration, the
Figure 17. Single Shelf Ignitor Time Histories, Part1.
injector pressure was set to match the highest
mass flow achieved for single-shelf tests,
approximately 18 g/second. The design changes worked quite well, as the response latency was mostly removed.
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Figure 18. Single-Shelf Ignitor Time Histories, Part 2.

The motor achieved full chamber
pressure and thrust level within 1/2
second after the oxidizer valve was
opened. The required input power
consumption was not appreciably
affected by the design changes. More
than 100 ignitions were obtained with
a single 2-shelf ignitor grain section.
For the test data presented by
Figure 20, the power output from the
system was calculated and compared
to the power required to initiate
ignition. Figure 21 shows this
comparison. The output power
calculation is based on the propellant
mass flow rate, and the combustion
by-product fluid properties calculated
by NASA’s industry standard
equilibrium chemistry code Chemical
Equilibrium
with
Applications
(CEA).29 The equilibrium properties
were evaluated using the measured
chamber pressure, and an assumed
oxidizer-to-fuel (O/F) ratio of 4:1.
This O/F value was chosen based on
post-mass
consumption
measurements. In all cases the power
consumption is less than 4 watts,
whereas the generated power exceeds
60 Kilowatts! Thus there is a power
amplification factor of nearly 15,000.
It should be noted that this output
power is generated by components
that present absolutely no toxic or
detonation and HERO hazards. (Ref.
2)

Figure 19. Two-Shelf Ignitor Grain.
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Figure 20. Two-Shelf Ignitor with Co-Axial Injector Compared to Single-Shelf Ignitor with Single Port
Injector.
chamber pressure level reaches approximately 25 psia.
(170 kPa). This minimum pressure level for ignition
corresponds to molar density for atomic oxygen of 0.14
kg-mol/m3. This value likely represents a limiting
oxygen concentration for ABS combustion. From this
data it can also be reasoned that the described 2-shelf
design modifications primarily influenced the
combustion rate and not the local oxygen
concentrations, as the same minimum ignition pressure
was required for both designs.
This limiting oxygen concentration for ignition
presents some concern with regard to the ability of the
system to operate under vacuum or very low pressure
conditions. Thus, a series of tests was performed to
evaluate the functionality of the two-shelf ignition
system under simulated vacuum conditions. In this
series of tests the nozzle was sealed and the combustor
chamber was evacuated using a portable high-powered
vacuum pump (HPVAC). The HPVAC was connected
to a "tee" with a manual valve was inserted into the
flow path upstream of the main run valve. The nozzle
was sealed using a neoprene strip held in place by the
vacuum pressure. Once the chamber was evacuated, the
tee-valve was closed.
Three ambient-pressure "control" tests were
performed where the oxidizer feed pressures were set at
2070 kPa, 2760 kPa, and 3450 kPa (300, 400, and 500
psia), respectively. These tests were followed by the
vacuum tests with identical injector pressure conditions.

Figure 21. Comparison of Input and Output Power
from ABS Arc-Ignitor.
Vacuum Tests of the 2-Shelf Ignitor System
The data provided by the experiments described in
the preceding section carry several important
implications. Primarily, the presented results
demonstrate the practical utility of the embedded ABS
arc ignitor concept. Upon reviewing the data, a very
precise threshold can be seen for successful ignition.
Figure 22 compares the chamber pressure and mass
flow time histories for both the single- and two-shelf
motor burns. It is interesting to note that for the tests
that actually achieved combustion, the combustion (and
hence the sharp rise in pressure) initiates only once the
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Figure 23 compares the resulting chamber pressure time
histories. In this series of tests the ignitior spark was
initiated 0.5 seconds before the main oxidizer valve
opened. For all 3-inlet pressure conditions there are no
categorizable difference between the vacuum and
ambient test conditions. As observed for the previous
tests, combustion initiates immediately after the

minimum pressure threshold ~ 25 psia is reached.
Oddly, for the highest-pressure test condition, the
ignition under vacuum initial test condition is observed
to very slightly lead the ignition for the ambient initial
test condition. From these tests is can be concluded that
vacuum ignition is not a likely issue for the
hydrocarbon-seeded arc-ignitor system.

Figure 22. Chamber Pressure and Mass Flow Overlay for 1- and 2-Shelf Motor Tests.

Figure 23. Comparison of Ambient and Vacuum Ignition Tests, "Little Joe" Ignition System Prototype.
measure, since the required manufactured fuel mass
was reduced by more than a factor of two. Unlike the
"strap on" ignitor of Figure 9, with this design a
positive connection exists for the electrical return path,
there is no secondary oxidizer line, and no bulky
external components that are prone to structural failure.

Lab Scale 75 mm Hybrid Motor Ignition Tests with
Integrated ABS Arc-Ignitor
The GOX/ABS ignition tests were concluded by
embedding a scaled version of the "Little Joe" 2-shelf
ignitor into the top end of a lab scale 75 mm, 170 N (38
lbf) hybrid rocket motor. The 75 mm motor was chosen
over the original 98 mm motor as a cost saving
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Figure 24. FDM-Fabricated ABS Fuel Grain with
Integral Ignitor and Interlocking Fuel Grain
Sections.

The design takes advantage of FDM-processing to
build the ignitor and fuel grain sections with "snaptogether" interlocks that allow the grain segments to be
manufactured separately and then assembled for
combustion. Although the ignitor employs FDM-processed
ABS as the seeding material, the main fuel grain can be
composed of any proper hybrid fuel material including
ABS, Acrylic, of HTPB. Figure 24 shows the grain
interlock prototypes and an image of the assembled
propellant grain with the embedded electrodes. Figure 25
shows a schematic of the complete integrated motor
system. As shown in this figure the initial fuel grain port
was manufactured with a helical structure in order to
increase regression rate and combustion efficiency.30
Cylindrical fuel port grains were also tested.
Figure 26 shows the installed configuration firing in
the Utah State University Propulsion Test Laboratory's
secure test cell. The integrated system has performed
flawlessly, and to date more than 40 ignitions, including 6
consecutive "hands off" ignitions of the same motor have
been conducted. Figure 27 compares two typical thrust,
chamber pressure, ignitor current, and input power time
history for the system. The response fidelity of the
integrated system is consistently greater than was the
patched-together "Little-Joe" test apparatus. The burn
profiles exhibited excellent run-to-run consistency with
essentially no deviations in the motor burn profiles. The
input power required for ignition is consistently less than 4
Watts maximum, with total power consumption less than 4
Joules.

Figure 25. Concept Drawing for Pre-Combustion Chamber ABS Arc-Ignitor in Lab Scale Hybrid Motor.

Figure 26. 75-mm Hybrid Motor with Integrated Arc-Ignitor.
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Figure 27. Embedded Arc-Ignition of 75 mm Hybrid Motor.
pressure required for ignition, which resulted in a
significant latency, greater than 1/2 second.
The proof-of-concept prototype thruster was
adapted and tested as a non-pyrotechnic, multiple use
ignitor for hybrid rockets. These tests used a wellknown, moderate-size motor configuration that had
been previously tested and characterized using
pyrotechnic ignitors. The micro-hybrid arc-ignitor was
inserted as a "drop-in" replacement. In a series of
demonstration tests the "micro-hybrid" prototype unit
was used to successfully ignite the test motor multiple
consecutive times without hardware changeover or
propellant replenishment.
The ad-hoc "strap-on" ignitor interface was
difficult to work with operationally. In addition to the
large component size, a primary shortcoming to the
design was that the number of repeat firings was
severely limited by the amount of ABS seed material
that could be fit on top of the injector cap. Establishing
a good pressure seal between the ignitor and the motor
cap was a continuing problem, and finally as the ignitor
grain became depleted the charge tended to jump
towards ground (the motor case) and not across the
provided gap in the ABS material. Thus, a secondgeneration concept was developed to overcome these
practical shortcomings. Rather than house a small
separate ABS fuel grain mounted on top of the 98-mm
motor cap, channels for conductive paths were built
into full-scale additively manufactured pre-combustion
chambers. These chambers are then “plugged into” a
main propellant grain and inserted into the motor tube.
Because the primary objective of this test campaign
was to optimize the design of the arc-ignitor fuel
geometry, testing a full-scale hybrid system was
deemed as too costly and time consuming for carrying
out tests in rapid succession. As an alternative, an

CONCLUSION
The current state of the art for hybrid rocket
ignition is mostly based on pyrotechnic ignition
methods. These methods have multiple shortcomings
including the inability to initiate multiple restarts using
a single device, and significant physical and
environmental hazards. Although procedures are in
place to allow pyrotechnic charges to be managed
safely at well-controlled government or defensecontractor operated test reservations and launch
facilities, toxicity and explosion potential requires extra
handling precautions that drive up operating costs. As
small spacecraft operations continue to shift from
government–run organizations to private companies
and universities operating away from governmentowned test reservations, servicing payloads requiring
hazardous materials becomes less operationally
feasible. Additionally, the associated handling
precautions due to pyrotechnic devices generally do not
favor these materials for secondary payloads.
This report details the development of the unique
electrical breakdown characteristics of ABS plastic that
was discovered by the authors while investigating ABS
as a hybrid rocket fuel. Under a sufficiently high
voltage, gas and solid breakdown occur, yielding high
temperatures and the generation of fuel vapor. This
phenomenon was used as the basis for a series of
incrementally-designed ABS arc ignitors. Working with
gaseous oxygen as the oxidizer, the initial prototype
was developed as concept demonstration for a standalone thruster. This prototype was successfully fired up
to 27 consecutive times, and delivered more than
30,000 watts of output power with as little as 8-Watts
power input at approximately 500-800 VDC. A primary
draw back of this system was the high chamber
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existing 98-mm motor cap previously used for hybrid
motor testing was adapted to fit a into a small hybrid
motor whose diameter and upstream fuel geometry
exactly matched the fuel grain geometry of the
previously-tested 800-N 98-mm hybrid motor.
This test apparatus, dubbed "Little Joe," was used
to test and refine multiple grain geometries. An
important conclusion of this development campaign is
that the ignitor fuel grain section must be processed
using fused-deposition modeling with a horizontallystacked build configuration, where the layers are
aligned perpendicular to the main flow path. Ignitor
sections fabricated using vertical stacking with the
plane layers parallel to the flow path showed reduced
durability and quickly allowed a char path to build up
internally. This char path allowed the charge path to run
to ground instead of arcing along the fuel grain surface.
Ignitor sections machined from extruded ABS, as they
provided no surface paths to concentrate the charge, did
not function at all.
The grain-development study eventually produced
a two-shelf, impinging coaxial injector design. More
than 100 ignitions were obtained with a single 2-shelf
ignitor grain section. Ignition latencies were reduced to
less than 5 ms, and the required input voltage was
reduced to less than 200 V at 4 watts. The output
enthalpy exceeded 80 kWatts, and amplification factor
of greater than 20,000. This configuration allowed
combustion to initiate at a very low internal chamber
pressure, approximately 170 kPa (25 psia). This
minimum pressure level for ignition corresponds to
molar density for atomic oxygen of 0.14 kg-mol/m3.
This molar value likely represents a limiting oxygen
concentration for ABS combustion.
This limiting oxygen concentration for ignition
presents some concern with regard to the ability of the
system to operate under vacuum or very low pressure
conditions. Thus, a series of tests was performed to
evaluate the functionality of the two-shelf ignition
system under simulated vacuum conditions where the

nozzle was sealed and the chamber evacuated. The tests
demonstrated no categorizable difference between the
vacuum and ambient test conditions; hence, vacuum
ignition does not appear to be a significant issue.
The GOX/ABS ignition tests were concluded by
embedding a scaled version of the "Little Joe" 2-shelf
ignitor into the top end of a lab scale 75 mm, 170 N (38
lbf) hybrid rocket motor. The response fidelity of the
integrated system is consistently greater than was the
patched-together "Little-Joe" test apparatus. The
integrated system worked flawlessly, and to date more
than 40 ignitions, including 6 consecutive "hands off"
ignitions of the same motor have been performed. The
burn profiles show excellent run-to-run consistency
with essentially no deviations in the motor burn
profiles. The input power required for ignition is
consistently less than 4 Watts maximum, with total
power consumption less than 2-4 Joules.
This incremental development program spanned
two years and has successfully demonstrated the ability
to restart hybrid motors multiple times with the press of
a button. Although the system currently works most
effectively using gaseous oxygen, it was also
demonstrated to work with nitrous oxide as the
oxidizing agent. The described ABS arc-ignition
technology eliminates the need for a pre-heated catalyst
bed, a high wattage power source, toxic pyrophoric
ignition fluids, or a bi-propellant spark ignitor. The
design offers the performance of a bi-propellant system
with the simplicity of a monopropellant feed system.
The approach is fundamentally different from all other
“green propellant” solutions in the aerospace industry.
Once fully developed the described technology offers
significant potential for future hybrid rocketry
applications, and other cross over applications requiring
a cheap gas generation cycle. Finally, the ABS arc
ignitor involves cheap, safe, materials and
manufacturing processes, providing the means for even
small organizations to develop and fly significant
maneuvering capability on their spacecraft designs.
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